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We demonstrate the coherent transport of two-dimensional (2D) arrays of small ensembles of
neutral atoms in a shift register architecture based on 2D arrays of microlenses. We show the
scalability of the transport process by presenting the repeated hand-over of atoms from site to site.
We prove the conservation of coherence during transport, reloading, and a full shift register cycle.
This shows that the fundamental shift sequence can be cascaded and thus scaled to complex and
versatile 2D architectures for atom-based quantum information processing, quantum simulation,
and the investigation of quantum degenerate gases.
PACS numbers: 37.10.Jk, 42.50.Ct, 03.67.-a
In many of the recent advances in the investigation
of quantum degenerate gases and neutral atom quantum
information processing, versatile architectures for the co-
herent storage and transport of atomic quantum systems
based on optical dipole potentials play a crucial role [1–
11]. In specific, the application of standing-wave con-
figurations (optical lattices) [1–6] and single or multiple
focused laser beams [7–11] has led to significant progress
in the manipulation of atomic qubit states for quantum
information processing. In our work, we focus on the
implementation of geometries based on microfabricated
optical elements [8, 12–14]. This approach allows us to
develop flexible and integrable configurations for quan-
tum state storage and manipulation, simultaneously tar-
geting the important issues of single-site addressing and
scalability, essential to most architectures for quantum
information processing [15] and quantum simulation.
The scalable shift register presented here is an all opti-
cal device which offers precise control of the transport
of trapped neutral atoms in a two-dimensional (2D) ar-
chitecture. The atoms are localized in miniaturized ar-
rays of dipole potentials created by 2D microfabricated
lens structures [8, 12]. The shift operation is based on
consecutive loading, moving, and reloading of two inde-
pendently controllable arrays of traps. Figure 1 shows a
2D register of about 25 atom samples (each able to carry
one quantum bit (qubit) [14]) detected by collecting the
fluorescence light emitted by the atoms when illuminated
with a resonant laser pulse after 0, 1, 2, and 3 consecutive
shift sequences. The shift register allows for atom trans-
port over macroscopic distances and at the same time
for controlled atom-atom approach with sub-micrometer
precision which is necessary for the implementation of
two-qubit quantum gates [16–24]. Moreover, it can serve
as a two-dimensional quantum memory to archive and re-
trieve quantum information, or sequentially shuffle quan-
tum information through complex architectures. Conser-
vation of coherence of the quantum states and adiabatic-
ity during transport are essential requirements that will
be addressed in this article. An extension of the results
for one-dimensional (1D) shift operations presented here
to 2D is straightforward.
The experiments presented here are performed with
85Rb atoms inside a glass cell based vacuum system (Fig.
2). Each experimental sequence is initiated by preparing
an ensemble of about 106 atoms in a standard retrore-
flected magneto-optical trap (MOT). The atoms are fur-
ther cooled by optical molasses to approximately 10 µK
before being partially transferred into a superimposed
2D register of dipole traps. The traps are created by il-
luminating a subset of a two-dimensional array (A1) of
50×50microfabricated refractive lenses with light far red-
detuned from the D1 and D2 transitions of Rb. The mi-
crolenses have a diameter of 100 µm, a pitch of 125 µm,
and a focal length of 1 mm. The focal plane of the array
is relayed into the glass cell using a telescope which con-
sists of an achromatic lens (L1, f = 80 mm) and a diffrac-
tion limited lens system (LS, f = 35.5 mm, NA = 0.29).
The demagnification results in traps with a separation
of a = 55 µm and a measured waist of 3.8 µm (1/e2 ra-
dius). Illuminating the microlens array with a laser beam
at 805 nm wavelength, a power of 275 mW, and a 1/e2
radius of 450 µm, results in a two-dimensional array of
traps with a power of 5.7 mW and a depth of kB×430 µK
for the central trap. Here, the vibrational frequencies are
Ωr = 2pi×17 kHz for the radial and Ωa = 2pi×820 Hz for
the axial direction. About 200 atoms with a temperature
of 15± 1.5 µK (measured by a time-of-flight technique)
are trapped in the central trap. Because of the Gaus-
FIG. 1: Fluorescence images of 2D arrays of trapped atoms
in a shift register based on 2D arrays of microlenses. Images
are taken after 0, 1, 2, and 3 consecutive shift sequences of 55
µm transport distance each.
2sian profile of the laser beam illuminating the microlens
array, the outlying traps are shallower. The number of
traps loaded (here about 5 × 5) depends on this beam
size but also on the size of the MOT. The lifetime of the
atoms in the traps is on the order of 0.5 s which is mainly
limited by collisions with background gas atoms. Atom
detection is achieved by resonance fluorescence imaging
of the atom distribution using the MOT beams for il-
lumination and collecting the fluorescence light with an
EMCCD camera through lens system LS and beamsplit-
ter BS1.
To move the traps, we vary the incident angle on mi-
crolens array A1 by a feedback-controlled scanning mir-
ror S which deflects the incoming beam. The pivot point
of the beam on the scanning mirror is imaged onto the
microlens array by telescope L2 with unity magnifica-
tion. This causes the foci of the array to shift laterally
within the focal plane as a function of the angle of the
scanning mirror. It is straightforward to shift the array
by a distance of the full trap separation of 55 µm. Mov-
ing significantly more than this distance results in strong
deformations of the trapping potentials by lens abbera-
tions due to the skewed illumination of the microlenses.
The angular reproducibility of the scanner is better than
22 µrad which implies that the trap position can be con-
trolled to better than 10 nm.
A complete shift register sequence consists of consecu-
tive loading, moving, and reloading of two independently
controllable arrays of dipole traps. The fixed focal struc-
ture of microlens array A2 (identical to lens array A1) is
combined with the movable focal structure of array A1
by beamsplitter BS2. For shift and reloading durations
of 5 ms, the timing sequence for the potential depths of
arrays A1 and A2 and for the position of array A1 are
shown in Fig. 3 (a). The fluorescence images in Fig. 3
(b) show the central column of the array of Fig. 1 as a
FIG. 2: (color online) Experimental setup. Microlens array
A1 is illuminated with light delivered by optical fiber F1. The
incident angle on A1 is controlled by scanning mirror S in
combination with the transfer lenses L2. A second fixed array
A2 is illuminated with light delivered by fiber F2. The focal
planes of both arrays are superimposed by beamsplitter BS2
and transferred by lens L1 and lens system LS into the MOT
region. Detection of fluorescence light is performed through
LS and beamsplitter BS1 by a CCD camera with interference
filter IF to block straylight.
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FIG. 3: (color online) (a) Timing sequence for depth and po-
sition of the two trap arrays constituting a shift register. (b)
Fluorescence images of atoms in the central column of the reg-
ister of Fig. 1 during two consecutive shift cycles. No images
are shown for the phases of loading and reloading between
the arrays and the phase of returning array A1 to its start
position (5 ms each). (c) Atom number and (d) temperature
in the central trap at the end of a single transport sequence of
55 µm distance as a function of the transport duration. The
dashed line in (d) shows the temperature for a fixed trap.
Each data point is averaged 15 times.
function of time during two consecutive shift cycles. The
shift operation is comparable to a bucket chain: while A2
is switched off initially, we load atoms from the MOT into
A1 at −a/2 and shift it by one full trap separation from
−a/2 to +a/2 in a few ms. We transfer the atoms to A2
(illuminated under normal angle but laterally displaced
by +a/2) by rising the intensity in A2 while ramping it
down in A1. Then the scanning mirror is returned to its
initial position which superimposes the next row of traps
of A1 with the traps of A2. To complete a shift cycle,
the atoms are reloaded from A2 to A1, and the next fully
identical shift cycle can begin. The number of achievable
shift sequences is only limited by the size of the illumi-
nated trap array. The 5× 5 trap array in this realization
for example allows for 5 sequences and gives a final trans-
fer distance of 275 µm. For sufficient laser power, fully
exploiting the here available set of 50 × 50 microlenses
allows for atom transport over many trap separations.
Minimizing atom loss and heating are essential for the
shift register but e.g. also for specific realizations of quan-
tum gates where atoms have to be brought close together
and separated again [16–24]. For this reason, we investi-
gated in detail heating and atom loss during individual
transport operations. Figure 3 shows the atom number
(c) and temperature (d) at the end of single transport
sequences with varying duration. The transport distance
is one full trap separation. Typical initial temperatures
are 15± 1.5 µK. For transport durations above 1 ms we
measure no increase in temperature and for transport
durations above 2 ms no atom loss. Heating and atom
loss for faster transport arise from technical limitations
of the scanning mirror: for short scan times, the mirror
has to be strongly accelerated and decelerated, causing
3the mirror to overshoot its final position because of its
inertia. This results in oscillations around the final po-
sition which cause resonant excitation of the vibrational
levels and as a consequence heating and atom loss. Opti-
mization allowed us to minimize this effect by smoothing
the ramps for acceleration and deceleration as shown in
the trace for the position of array A1 in Fig. 3 (a) and
thus to reduce the required scan duration to 2 ms.
We also investigated atom loss and heating for a shift
register consisting of several shift cycles. After a se-
quence of four cycles (Fig. 1), heating was measured
to be below 2 µK, which is comparable to our measure-
ment uncertainty. On the other hand, atom loss on the
order of 20 % was encountered for each loading from
A1 to A2, whereas no loss was observed for reloading
from A2 to A1. In a separate series of measurements
we found that this was caused by the fact that load-
ing and reloading have not been fully symmetrical op-
erations since A1 was displaced to +a/2 by tilted illu-
mination whereas A2 was laterally moved to +a/2 but
illuminated normal. This leads to slightly tighter traps
in A2 as compared to A1. Minimizing this mismatch
could be achieved through symmetrizing the loading and
reloading processes by having both arrays displaced by
|a/2| with opposite sign through tilted illumination dur-
ing the loading and reloading phases. This allows us to
reload atoms in both directions without detectable loss.
For quantum information processing in this architecture,
also the coherence of superpositions of quantum states
has to be preserved during transport, reloading, and the
full shift cycle. In our approach, qubit states are repre-
sented by hyperfine substates of the 5S1/2 ground state of
85Rb. To be insensitive to fluctuations of magnetic fields
to first order, we prepare the atoms in the clock state
(F = 2, mF = 0) which we coherently couple to the sec-
ond clock state (F = 3, mF = 0) with a phase-locked
diode laser system. The typical duration of an applied
pi-pulse is 210 µs. State-selective detection is performed
by removal of the atoms in F = 3 and subsequent detec-
tion of the remaining atoms in F = 2.
We analyze the influence of atom transport on dephas-
ing and decoherence by applying Ramsey and spin-echo
methods. The trapping laser light is tuned to a wave-
length of 815 nm with a power of 150 mW distributed
over a beam with a 1/e2 radius of 520 µm. For the cen-
tral trap, this gives a power of 2.3 mW and a trap depth
of kB × 110 µK. As the atom ensemble in each trap is
thermal and thus distributed over a range of vibrational
levels, each atom incurs a slightly different ac-Stark shift.
This leads to inhomogeneous dephasing of the Ramsey
signal already for atoms at rest (Fig. 4 (left)) with a
time constant of about 5 ms. To compensate for this, we
implemented a spin-echo technique which reverses inho-
mogeneous dephasing. This allows to directly measure
the combined time constant T ′2 of homogeneous dephas-
ing and decoherence and thus to compare the behavior
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FIG. 4: Spin-echo measurements for atoms at rest (a, right)
and atoms transported over a distance of 55 µm (b, right)
in the central trap of a two-dimensional trap array. In both
cases, the spin-echo signal (AS) is normalized to the initial
amplitude (AR(t=0)) of a Ramsey signal for atoms at rest
(left). There is almost negligible additional loss of signal con-
trast through atom transport. Each data point is averaged 5
times.
of atoms at rest and atoms transported. For atoms at
rest (Fig. 4 (a, right)), a pi/2-pulse at t = 0 is followed
by a first period of free evolution. Rephasing is induced
by a pi-pulse after tpi. After an additional period of free
evoluton with variable duration, the sequence is com-
pleted by a second pi/2-pulse and detection of the atoms
in F = 2. The maximum amplitude of the echo signal
occurs at t = 2tpi (2tpi = 20 ms in Fig. 4). For the case
of transported atoms (Fig. 4 (b, right)), transport over
a distance of 55 µm takes place during the first 2 ms of
the first phase of free evolution with no transport during
the second phase. Additional dephasing and decoherence
caused by atom transport during the first phase are not
compensated during the second phase and should cause
a reduction of the signal amplitude at t = 2tpi. Fig. 4
shows that this effect is almost neglible in our system.
For a quantitative investigation, Fig. 5 presents the
signal contrast, i.e. the maximum amplitude AE of the
echo signal at 2tpi normalized to the amplitude of the
Ramsey signal AR(t = 0) for a single central trap as a
function of 2tpi for atoms at rest (a) and atoms trans-
ported over 55 µm within 2 ms (b). The loss in signal
contrast is clearly non-exponential in both cases. From
FIG. 5: Determination of the time constant T ′2 for homoge-
neous dephasing and decoherence for atoms at rest (a) and
atoms transported over 55 µm in 2 ms (b). Atom transport
has an almost negligible effect on dephasing and decoherence.
4a detailed analysis of external influences, we determine
homogeneous dephasing due to irreversible variations of
the atomic resonance frequency to be the dominant cause
for loss of contrast. We identify heating due to photon
scattering from the trapping laser with a heating rate
too small to be directly observable in Fig. 3 (d) to be
the most likely cause for this. Following the calcula-
tions for homogeneous dephasing given in [25], the signal
contrast should be described by the Gaussian function
C(2tpi) = C(0) exp(−(2tpi)
2/T ′22 ) with time constant T
′
2
for reduction of the initial contrast to its 1/e-value. The
measurements in Fig. 5 can be well fitted to C(2tpi) (solid
lines) which gives the time constants T ′2,rest = 74± 2 ms
for atoms at rest, T ′2,trans = 71± 2 ms for atoms trans-
ported, and a ratio T ′2,trans/T
′
2,rest = 0.96(4), which is
consistent with 1 within our measurement uncertainty.
Thus, atom transport causes almost negligible additional
dephasing and decoherence.
We have performed analogous measurements for the se-
quence of loading and reloading atoms from A1 to A2
and back to A1, and again found no significant decrease
in T ′2. Finally, we have investigated dephasing and deco-
herence for a full shift register cycle. The cycle consists of
preparing atoms in A1, transporting them over distance
a/2, loading them from A1 to A2, and reloading them
from A2 to A1. In Fig. 6, the signal contrast for atoms
at rest (triangles) and atoms after the shift register cycle
(circles) in a single central trap are presented as a func-
tion of 2tpi. Fitting both data sets to C(2tpi) allows to
extract the ratio T ′2,shift/T
′
2,rest = 1.04(5). Thus, also for
the full shift register cycle, no additional dephasing or
decoherence of internal-state superposition states occur
within the measurement uncertainty. This, by repetition,
allows to build a complete shift register.
In summary, we have presented a novel shift register for
atomic quantum systems based on arrays of microfab-
ricated lenses. We have demonstrated that transport,
reloading, and a full shift register cycle can be performed
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FIG. 6: (color online) Determination of the time constant T ′2
for homogeneous dephasing and decoherence for a full shift
register cycle. The signal contrast for atoms at rest (trian-
gles) and atoms after the shift sequence (circles) are shown.
The shift sequence has no measurable effect on dephasing and
decoherence. Due to imperfect experimental conditions, both
absolute time constants T ′2 are smaller than in Fig. 5.
with negligible atom loss, heating, or additional dephas-
ing or decoherence. This proves that the fundamen-
tal shift sequence can be cascaded and thus scaled to
complex and versatile 2D architectures allowing coher-
ent quantum state storage and transport along complex
and reconfigurable paths in 1D and - by simply upgrad-
ing our 1D scanner to a 2D-version - also in 2D. To-
gether with parallelized site-selective single atom detec-
tion [26] and site-selective quantum-state manipulation
[14, 23, 24] novel geometries for quantum informaton
processing, quantum simulation, and multi-particle en-
tanglement become accessible.
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